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Hai U. Wang and David J. Anderson* halves and thus appear to function in a primarily permis-
sive manner (Tucker et al., 1988).Division of Biology 216±76
Eph family ligands and their receptors recently have*Howard Hughes Medical Institute
been implicated in the control of axon guidance, particu-California Institute of Technology
larly in the central nervous system (reviewed by Tessier-Pasadena, California 91125
Lavigne, 1995; Brambilla and Klein, 1995; Friedman and
O'Leary, 1996; Orike and Pini, 1996). These ligands can
be divided into two binding specificity subgroups, corre-
Summary lating with the mode of membrane attachment (GPI-
linked or transmembrane). Within each subgroup, all
In vertebrate embryos, neural crest cell migration and ligands can bind and activate all receptors of the same
motor axon outgrowth are restricted to rostral somite subgroup (Brambilla et al., 1995; Gale et al., 1996a).
halves by repulsive factors located in the caudal so- RAGS and ELF-1, two GPI-linked ligands expressed in
mite compartment.We show that twoEph family trans- developing tectum, can function as repulsive guidance
membrane ligands, Lerk2 and HtkL, are expressed in molecules for retinal axons both in vitro (Cheng et al.,
caudal somite halves, and that crest cells and motor 1995; Drescher et al., 1995) and in vivo (Nakamoto, et al.,
axons express receptors for these ligands. In several 1996), and a human homolog of RAGS (AL-1) modulates
independent in vitro assays, preclustered ligand-Fc axon bundling in vitro (Winslow et al., 1995). The role of
fusion proteins can repulsively guide both crest migra- the three transmembrane ligands (Gale et al., 1996b) in
tion and motor axon outgrowth. These repulsive activi- the development of the nervous system has not yet
ties depend on agraded or discontinuous presentation directly been addressed. Knockouts of Nuk, a receptor
of the ligands when tested in the context of permissive for these ligands (Brambilla et al., 1995; Gale et al.,
substrates, such as laminin or fibronectin. These re- 1996a), produce commissural axon pathfinding defects
sults identify Lerk2 and HtkL as potential determinants (Henkemeyer et al., 1996). However, it is not yet clear
of segmental pattern in the peripheralnervous system. whether this reflects a function for this molecule as a
receptor for Eph ligands, or in some other capacity (e.g.,
cell adhesion).
Here, we identify functional roles for two such trans-
Introduction membrane ligands, HtkL (Elf-2/Lerk5) and Lerk2 (Elk-L/
Cek5-L) (reviewed in Pandey et al., 1995a), in restricting
The neural crest provides a model system for studying both cell migration and axon outgrowth during early
cell migration in vertebrates. At early stages of periph- segmental patterning of the PNS. HtkL and Lerk2 are
eral nervous system development, trunk neural crest expressed in developing somites of both rat and chick
cells selectively migrate through the rostral but not cau- embryos in regions avoided by migratory crest cells and
dal halves of the somites, in the sclerotomal portion motor axons, such as the caudal half sclerotome and
(Rickmann et al., 1985). This patterned cell migration is dermomyotome. In several independent in vitro assays,
in turn determined by a rostro-caudal patterning of the preclustered ligand-Fc fusion proteins exhibit repulsive
somites: caudal somite halves contain substances that activities toward both motor axon outgrowth and neural
inhibit crest cell migration (Stern and Keynes, 1987; re- crest cell migration. Such repulsive activities require a
viewed by Tosney, 1991; Bronner-Fraser, 1992). Early discontinuous or graded presentation of the ligands
trunk motor axons also avoid growing through caudal when tested in the context of permissive substrates,
somite halves, indicating that somite patterning controls such as laminin or fibronectin. Taken together, these
both crest cell migration and motor axon outgrowth data indicate that transmembrane as well as GPI-linked
(Keynes and Stern, 1984). Eph ligands can regulate axon guidance, and, further,
As there are no apparent morphological barriers sepa- that transmembrane ligands also can guide cell migra-
rating the rostral and caudal somite halves, molecules tion. The results of in vivo perturbations, performed in
differentially expressed between these halves have been independent studies, are consistent with this conclusion
suggested to control this segmental patterning process (Krull et al., unpublished data; Smith et al., unpublished
(Davies et al., 1990; Oakley and Tosney, 1991; Ranscht data). Eph-related receptor±ligand signaling systems
and Bronner-Fraser, 1991). Two such molecules, colla- are thus likely to be key components in the segmental
gen IX and T-cadherin, recently have been shown to patterning of the PNS.
inhibit neural crest migration and/or neurite outgrowth
in vitro (Fredette et al., 1996; Ring et al., 1996). Peanut
agglutinin (PNA)±binding glycoproteins have also been Results
implicated in repulsive guidance of both axons (Davies
et al., 1990) and neural crest migration (Krull et al., 1995), Detection of Eph-Related Receptors for the Ligands
but the active species have not so far been identified. Lerk2 and HtkL in Explanted Trunk Neural
Other molecules, such as fibronectin, have been shown Crest Cells and Motor Axons
to promote neural crest cell migration, but these are not We initially performed a survey of receptor tyrosine ki-
nases expressed in rat trunk neural crest cells via RT-differentially expressed in the rostral or caudal somite
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PCR. Using degenerate primers against conserved ki- Lerk2 and/or HtkL Are Expressed in Somite Regions
Avoided by Trunk Neural Crest Cells and Motornase domains, and cDNA from one-day primary neural
crest explants, we detected expression of multiple dis- Axons in Rat and Chick Embryos
We next examined the expression patterns of Lerk2 andtinct receptors such as bFGFR, erbB2, and erbB3 (data
not shown). Included in this group was Nuk, an Eph- HtkL in E10±E11 rat embryos, a stage when neural crest
cells are migrating. In the developing somites, Lerk2 isrelated receptor previously shown to be expressed by
outgrowing neural tube±derived axons (Henkemeyer et localized in thedermomyotome, beginningwith themost
posterior (i.e., most newly formed) somite (Figures 2A,al., 1994). Using an expression cloning approach, we
identified two Eph family ligand molecules for the Nuk 2F (arrow), and 2M). Such newly formed somites also
express HtkL at high levels (Figure 2B, asterisks), asreceptor (H. W. and D. J. A., unpublished data). During
the course of these studies, the cloning of these two previously reported (Bergemann et al., 1995). However,
detectable signals are also observed at this stage inligands, referred to as Lerk2 (Elk-L/Cek5-L) and HtkL
(ELF-2/LERK5), was reported elsewhere (for review, see more anterior somites, albeit at lower levels (Figure 2B).
Within each somite, moreover, HtkL is preferentially con-Pandey et al., 1995a). Lerk2 and HtkL are homologous
transmembrane molecules that bind to Nuk with a Kd centrated in the caudal half sclerotomes (Figure 2B; cf.
[G] versus [H], asterisks; [L]); by contrast, Lerk2 is notof approximately 1 nM, as determined using soluble
ligand-Fc fusion proteins (Brambilla et al., 1995; Gale et expressed in caudal half sclerotome. Expression of HtkL
occurs throughout axial levels where migrating neuralal., 1996a; H. W. and D. J. A., unpublished data).
To confirm the presence of receptor proteins for Lerk2 crest cells are located, as detected by expression of
erbB3 mRNA (Meyer and Birchmeier, 1995) (cf. Figureand HtkL on trunk neural crest cells, we stained one-
day cultured rat crest explants with soluble ligand-Fc 2B versus Figure 2D). Moreover, the onset of HtkL ex-
pression (Figure 2B, asterisks) occurs just prior to neuralfusion proteins. Specific surface labeling of neural crest
cells by ligand-Fc but not control Fc proteins was de- crest cell emigration into immediately anterior somites
(Figure 2D, asterisks). Similarly, HtkL (as well as Lerk2)tected (Figures 1Aand 1B). A similar receptor decoration
experiment was also performed on axons growing from expression in this posterior region of the embryo pre-
cedes motor neuron differentiation, as detected by ex-E10.5 trunk neural tube explants cultured on a laminin
substrate. Such axons could also be decorated by either pression of SCG10 mRNA (Figure 2E, arrow). Additional
HtkL expression is observed in the dermomyotome ofLerk2 or HtkL ligand-Fc fusion proteins (Figure 1E and
data not shown), whereas no labeling was detected with both caudal and rostral somite halves (Figures 2G and
2H, arrows), another region avoided by migrating neuralcontrol Fc protein (Figure 1F). That many of these axons
derive from motor neurons was demonstrated by label- crest cells, and in early limb bud (Figure 2B). Expression
of both Lerk2 and HtkL in dermatome has disappeareding with antibodies to c-ret, a receptor tyrosine kinase
exclusively expressed by motor neurons in the neural by E12.5, but Lerk2 expression persists in the myotome
(not shown).tube (Figure 1G) (Lo and Anderson, 1995).
Our in vitro cell surface±labeling results could reflect To determine whether the restricted somitic expres-
sion patterns of HtkL and Lerk2 have been evolutionarilythe expression of multiple Eph-related receptors in ex-
planted neural crest cells and motor axons, since trans- conserved, we cloned large portions of their chick ho-
mologs. Chick Lerk-2 and rat Lerk-2 were more homolo-membrane ligands Lerk2 and HtkL bind to four receptors
in one subgroup: Nuk, Myk-1/Htk, Sek-4, and Elk (Bram- gous to one another (77% amino acid identity) than to
either chick or mouse HtkL, and vice versa (Figure 3A).billa et al., 1995; Gale et al., 1996a). In addition, Lerk2
and HtkL crossreact to Sek-1 within the other receptor One of these chick transmembrane Eph ligands is in-
deed expressed in caudal somite halves (Figures 3Csubgroup (which binds the GPI-linked ligands [Gale et
al., 1996a]). We therefore used semiquantitative, gene- and 3E; see also Krull et al., 1997); however, it is c-Lerk2,
rather than HtkL, as is the case in rat. As in rat, thespecific RT-PCR to determine which Eph-related recep-
tors within the Nuk subgroup are expressed in rat neural metameric pattern of c-Lerk2 expression is complemen-
tary to that of both neural crest migration (Figure 3D)crest cells. The results indicated that in 24 hr neural
crest explants Nuk mRNA is expressed at a higher level and motor axon extension (Figure 3F). c-Lerk2 is also
expressed in the dermatome of both somite halves (Fig-than Sek-4, Sek-1, and Myk-1 mRNAs, while the Elk
receptor was not detected (Figure 1C, lanes 1±5). These ures 3B and 3C, arrows), another region expressing HtkL
in rat (cf. Figure 2H, arrow). In contrast, expression ofresults suggest that Nuk is the predominant receptor
for transmembrane Eph family ligands expressed in rat c-HtkL is detected in endothelial cells of the aorta and
in between the somites (data not shown and Krull et al.,neural crest cells under these culture conditions. This
conclusion is in agreement with other data showing that 1997).
To confirm that Nuk is expressed in vivo by migratingSek-4, Sek-1, and Myk-1 are mainly expressed outside
the nervous system in the trunk region at this stage neural crest cells at the same time that its ligands are
expressed in the somites, we performed whole-mount(Becker et al., 1994; Irving et al., 1996; H. W. and D. J. A.,
unpublished data). Since thecell population inour neural in situ hybridization for Nuk mRNA in rat embryos. Neural
crest cells start to enter the somites in the caudal trunktube explants is heterogeneous,we were unable tochar-
acterize the expression of specific receptors in motor at the 5±6 somite level, and a metameric pattern of
migrating cells extends anteriorly (Figure 2D). A similaraxons by RT-PCR. However, as mentioned above, Hen-
kemeyer et al. (1994) demonstrated by immunocyto- metameric pattern of Nuk mRNA was also detected
throughout the rostro-caudal axis by whole-mount inchemistry that these axons express at least Nuk protein.
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Figure 1. Detection of Eph-Related Receptors for Lerk2 and HtkL in Explanted Rat Neural Crest and Neural Tube Axons
One-day neural crest (A and B) or neural tube (E and F) explants from E10.5 rat embryos were stained with Lerk2-Fc (A and E) or Fc (B and
F) proteins. Neural crest cells were labeled by Lerk2-Fc (A), but not by control Fc (B). The edges of the neural tube (nt) are outlined in (A) and
(B). In a semiquantitative RT-PCR assay (C), cDNA made from one-day neural crest explants was amplified with gene-specific primers for
Nuk (lane 1), Sek-4 (lane 2), Myk-1 (lane 3), Sek-1 (lane 4), Elk (lane 5), and b-actin (lane 6). 27 cycles of PCR amplification were used to keep
the reaction below saturation. A separate PCR reaction (D) showed equal levels of amplification of 1 ng plasmid DNA containing cDNAs for
Nuk (lane 1), Sek-4 (lane 2), Myk-1 (lane 3), Sek-1 (lane 4), and Elk (lane 5), using the same sets of primers used in (C). This control indicates
that each primer set amplifies its template with approximately equivalent efficiency under the conditions used. 1 kb DNA markers are indicated
by arrowheads. Neural tube explants were cultured on a polylysine/laminin substrate to promote axon outgrowth. Specific axon labeling was
observed with Lerk2-Fc (E), but not with Fc (F). Axons and cell bodies (arrow) were identified as motorneurons by labeling with anti- c-ret
antibodies (G). HtkL-Fc gave similar results to that of Lerk2-Fc in both crest cell and motor axon staining (not shown).
situ hybridization (Figure 2C). In longitudinal sections, expressing cells were detected next to the neural tube
(Figure 2I, arrows), in the same regions that containedNuk mRNA was restricted to rostral half somites (Figure
2K, ªrº) in a pattern reciprocal to that seen for HtkL erbB3-expressing neural crest cells on adjacent sec-
tions (Figure 2J, arrows). These data suggest that Nuk(Figure 2L, ªcº). In transverse sections, clusters of Nuk-
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Figure 2. Lerk2 and HtkL Are Expressed in Somite Regions Avoided by Trunk Neural Crest and Motor Axons in Rat Embryos
25-somite stage rat embryo trunks (25) were subjected to whole-mount in situ hybridization using the indicated probes.
(A) Lerk2 labels the dermomyotome and dorsal neural tube.
(B) HtkL is expressed strongly in the early limb bud and in the newly formed somites (asterisks) as well as the more mature (anterior) ones.
The HtkL signals are concentrated in the caudal halves of each somite (see also [G] and [L]).
(C) Nuk is expressed in rostral somite halves along the A±P axis. Additional signals are present in the underlying neural tube (see also [I] and [K]).
(D) Neural crest migration, visualized by expression of erbB3 mRNA (Meyer and Birchmeier, 1995), occurs in a similar metameric pattern as
Nuk expression (see also [I] and [J]). Neural crest cells start to enter the somites at 5 to 6 somite level (D, asterisks), anterior to the region
containing the highest level of HtkL expression (B, asterisks).
(E) SCG10 marks newly formed motor neurons along the ventral neural tube. The earliest born motor neurons are found at the 2- to 3-somite
level (arrow), indicating the axon extension into the somites probably occurs in the region just anterior to the highest level of HtkL expression
(B, asterisks).
(F±J) Transverse sections from the embryos shown in (A)±(D). (F) Lerk2 is expressed in the dermomyotome and dorsal neural tube. HtkL is
expressed in the sclerotome in the caudal somite half (G, asterisk), but not in the rostral half (H, asterisk). Additional HtkL signals are seen
in the dermomyotome (arrow in [G] and [H]), aorta, and mesenephoros. ([I] and [J]) Transverse sections through rostral somite halves at the
forelimb level. Migrating neural crest cells detected by expression of erbB3 (J, arrows) are located in a region expressing Nuk on an adjacent
section (I, arrows). Additional Nuk signals are observed in the ectoderm and throughout the neural tube.
(K±M) Longitudinal sections show the reciprocal patterns of Nuk (K) and HtkL (L) expression in the rostral (r) and caudal (c) somite halves,
respectively, and Lerk2 signals (M) in the dermomyotome.
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Figure 3. Caudal Half Sclerotome Expression of Chick Lerk2
(A) Percentage of a.a. identities between chick and rat/mouse ligands. Fragments of chick HtkL and Lerk2 used for the alignment, representing
65% to 70% of the full coding sequence, are homologous to a.a. 118±337 of mouse HtkL (Bennett et al., 1995) and a.a. 112±345 of rat Lerk2
(Fletcher et al., 1994) respectively. In stage-16 embryos (25 somite), c-Lerk2 is expressed in dermatome of both rostral and caudal somite
halves (B and C, arrow), and in the caudal half sclerotome (C, ªscº). At the same stage, crest cells (D) and motor axons (F) decorated by
HNK-1 and TUJ1 antibodies, respectively, are seen in rostral somite halves (ªrº), compared with caudal half restricted c-Lerk2 expression (E,
ªcº) in longitudinal sections. For additional data, see Krull et al., unpublished data.
mRNA is expressed by migrating neural crest cells in angle to the stripes, the emigrating neural crest cells
encountered delineated boundaries of ligand-Fc or Fcvivo as well as in vitro (Figure 1C). However, it is likely
that Nuk is also expressed by cells of the rostral sclero- proteins on a fibronectin substrate (ª1º lanes in Figures
4A±4C). Cells at the leading edges of the explants (wheretome (Figure 2K). This additional somiticexpression may
account for the slight difference in the pattern of Nuk neural crest cells are most dispersed) tended to avoid
ligand-containing stripes (Figures 4A and 4B; Table 1),and erbB3 mRNA expression within rostral half somites
seen in whole mounts (cf. Figure 2C versus Figure 2D). but not control Fc±containing stripes (Figure 4C). Cells
adjacent to the neural tube (bottom of each panel) did
not show such restricted migration, perhaps becauseHtkL and Lerk2 Exhibit Repulsive Activities toward
Neural Crest Cell Migration in Stripe the high cell density in this region prevents contact be-
tween cells and the substrate-immobilized ligand, orand Transfilter Chemotaxis Assays
Since Lerk2 and HtkL are expressed in somitic regions because ªpopulation pressureº driving expansion of the
known to be inhibitory for neural crest migration, we
hypothesized that these ligands might restrict crest cell
Table 1. Percentage of Cells in Stripes Coated with Fcmigration via contact-mediated repulsion. To test this
or Ligand-Fc Proteins
idea, we used stripe assays similar to those developed
alternating stripes coated every stripe coatedto study axon guidance (Vielmetter et al., 1990), but
coated the substrate with immobilized, purified ligand (1) (2) (1) (1)
proteins, rather than cell membrane suspensions. Li-
HtkL-Fc 20.7% 6 1.9 79.3% 6 1.9 51.2% 6 2.5 48.8% 6 2.5
gand-Fc fusion proteins were immobilized in alternating Lerk2-Fc 25.8% 6 1.1 74.2% 6 1.1 49.5% 6 3.5 50.5% 6 3.5
narrow stripes on nitrocellulose-coated (Lemmon et al., Fc 49.3% 6 2.7 50.7% 6 2.7 49.3% 6 3.4 50.7% 6 3.4
1989) plastic cover slips, via binding to anti-Fc antibod-
Cells in the distal one-third of each explant that spans 15±20 stripes
ies precoated in stripes together with fibronectin, using were counted after DAPI staining. The average number of cells in
a special silicone matrix (see Experimental Procedures). adjacent stripes is calculated as percentage of the total. The data are
The anti-Fc antibodies not only orient the ligand-Fc fu- averaged from 2 random explants per experiment, and the numbers
represent the mean 6 SEM from 3 independent experiments. (1)sion proteins, but also cluster them, thereby increasing
corresponds to stripes coated with Fc or ligand-Fc proteins, andtheir ability to activate receptors as shown previously
also to lanes illustrated by a ª1º in Figure 4. (2) indicates the stripeusing soluble reagents (Davis et al., 1994).
was coated with fibronectin only.
When E10.5 rat neural tubes were plated at a right
Neuron
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Figure 4. HtkL-Fc and Lerk2-Fc Fusion Proteins Inhibit Rat Neural Crest Cell Migration in a Stripe Assay
Crest explants were cultured on coverslips coated with ligand-Fc or Fc stripes. Each stripe is about 50mm wide.
(A±C) HtkL-Fc, Lerk2-Fc, or Fc, respectively, was coated in alternating stripes marked by ª1º and subsequently visualized with alkaline
phosphatase-conjugated anti-Fc antibodies after fixation of the explants.
(D±F) HtkL-Fc, Lerk2-Fc, or Fc, respectively, was coated in all stripes marked by ª1.º The darker lanes were coated first and visualized by
anti-BSA antibodies (see Experimental Procedures). Crest cell migration was biased toward ligand-free zones by coating alternating stripes
(ª1º) with HtkL-Fc (A) or Lerk2-Fc (B), but not with Fc (C). This guidance was not observed when either ligand was coated in all stripes (D
and E). More than 30 explants were examined for the experiments depicted in each panel, and consistent patterns of cell migration were
observed. Quantification of the data is presented in Table 1. Scale bar 5 100 mm.
explant overrides the guidance cues on the substrate. To examine the effects of ligands on neural crest cell
migration using an independent assay, we employed aQuantification of these stripe assays indicated that, on
average, 75±80% of the crest cells in the distal one third transfilter chemotaxis system (modified Boyden cham-
ber) (Moiseiwitsch and Lauder, 1995). In this assay, pre-of each explant were present in between the ligand-
coated lanes, whereas there was no such bias in the clustered ligand- or control-Fc fusion proteins were
added at various concentrations to the bottom wells ofdistribution of the cells when alternating lanes were
coated with control Fc protein (Table 1, left side). Inter- a multiwell chamber. Dissociated primary neural crest
cells were added to upper wells separated from theestingly, when all stripes were coated with Fc or fusion
proteins, the cells were uniformly distributed across the lower ones by an 8 mm porous filter, and allowed to
migrate for 6 hr, after which they were fixed and thestripes, irrespective of whether ligand fusions or control
Fc were used (Figures 4D±4F; Table 1, right side). These number of cells that migrated to the bottom side of the
filter was determined. There was a statistically signifi-data suggest that neural crest cell migration is restricted
at boundaries between ligand-containing and ligand- cant (p , 0.05) concentration-dependent reduction of
cell migration by preclustered HtkL-Fc detectable atfree regions in vitro, consistent with the distribution of
neural crest cells and ligands observed in vivo (Figure 2). concentrations as low as 10 ng/ml (Figure 5, black bars/
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buds (Figures 2 and 3), all of which regions are putative
barriers to early axon outgrowth (Davies et al., 1990;
Oakley and Tosney, 1991). We therefore sought to deter-
mine whether Lerk2 and HtkL can play an inhibitory role
in guiding motor axon outgrowth as well as neural crest
migration. We first tested the ability of clustered ligand-
Fc fusion proteins to induce growth-cone collapse of
rat motor axons, using two different functional assays.
In the first assay, preclustered ligand-Fc proteins were
added to the culture medium at various concentrations,
and the proportion of spread versus collapsed growth
cones was determined in a population of axons fixed
after one hr. Both ligands induced a concentration-
dependent inhibition of growth-cone spreading, with a
half maximal dose around 300 ng/ml (3nM) or 500 ng/
ml (5nM) for HtkL- or Lerk2-Fc, respectively (Figure 6A).
At saturation, approximately 70% of the growth cones
were collapsed (Figure 6A), even if both ligands were
combined (not shown). This may indicate that not all
axons in the explant express functionally significant lev-
els of receptors for the ligands, as suggested by the
transient nature of Nuk expression on motor axons in
vivo (Henkemeyer et al., 1994). In a second assay, time-
lapse video microscopy was used to image individualFigure 5. HtkL-Fc Fusion Proteins Inhibit Rat Neural Crest Cell Mi-
growth cones, for 10min before and 30 min after additiongration in a Transfilter Chemotaxis Assay
of soluble preclustered ligand-Fc proteins (Figures 6BVarious concentrations of unclustered or clustered Fc or HtkL-Fc
and 6C). This analysis confirmed that preclustered li-were added to the bottom, top, or both wells of a chemotaxis cham-
ber as indicated. ª2º indicates that the well contains culture media gands indeed induced growth-cone collapse (Figure
only. Cells that migrated to the bottom side of the porous filter 6C). The percentage of collapse responses recorded by
membrane (8 mm pore size)were counted under a 2003 microscopic time-lapse was 12% for control Fc (n517 growth cones
field. Clustered HtkL-Fc reduces crest cell migration in a concentra- imaged), 74%for Lerk2-Fc (n519 growth cones imaged),
tion-dependent manner when added to the bottom wells (black bars,
and 77% for HtkL-Fc (n522 growth cones imaged).column 5). However, this effect is not observed if clustered HtkL-
Finally, we asked whether the ligands could exhibitFc is present in only the top well (column 7), and is much weaker
if equal concentrations are present onboth sides of the filter (column repulsive guidance activity toward motor axons when
6). The results represent the mean 6SEM of three independent presented in a stripe format. As in the crest migration
experiments. In each experiment, 5 random fields per well and du- stripe assays, ligands were presented as purified pro-
plicate wells were scored for each concentration of HtkL-Fc or con- teins immobilized using anti-Fc bound to nitrocellulose-
trol Fc.
coated coverslips, rather than as membrane suspensions
from transfected cells (Drescher et al., 1995; Nakamoto
column 5), but not by control Fc or unclustered HtkL- et al., 1996). Motor axons avoided growing in alternating
Fc (Figure 5, columns 1 and 3, respectively).
lanes containing either HtkL- or Lerk2-Fc fusion proteins
To determine whether this reduction of cell migration
(Figures 7A and 7B, ª1º lanes), but not lanes containing
depended on a graded presentation of ligand, preclus-
control Fc protein (Figure 7C). No obvious avoidance
tered HtkL-Fc was added to both the top and bottom
was observed, however, when all lanes contained li-
wells at equal concentrations (Figure 5, column 6). No
gand-Fc (Figures 7D and 7E) or control Fc (Figure 7F)significant reduction of migration was observed at con-
protein. These results are consistent with a contact-centrations below 300 ng/ml (p . 0.05). At 300 and 1000
mediated mechanism for repulsive guidance, as pre-ng/ml, some small but statistically significant (p # 0.05)
viously indicated by time-lapse videomicroscopicanaly-reduction was observed relative to controls, but the ef-
sis of motor axon outgrowth in vivo (Oakley and Tosney,fect was not nearly as strong as when the ligand was
1993). Taken together, these data indicate that HtkL andinitially presented on the opposite side of the filter from
Lerk2 not only induce growth-cone collapse, but canthe cells (Figure 5, cf. column 5 versus column 6). More-
exhibit repulsive guidance activity toward motor axonsover, no significant reduction of migration was observed
in vitro.when preclustered ligand was added to the top but not
the bottom chamber (Figure 5, column 7). These data
are consistent with the results of the stripe assays and
Discussionsuggest that inhibition of crest cell migration in vitro
requires a discontinuous or graded presentation of the
In higher vertebrates, migrating neural crest cells andligand, consistent with the distribution of ligand expres-
growing motor axons avoid the caudal compartment ofsion in vivo.
the somites (Keynes and Stern, 1984; Rickmann et al.,
1985). Previous studies suggested that this reflects theRepulsive and Growth-Cone Collapse Activities
activity of one or more inhibitory guidance factors pres-of HtkL and Lerk2 on Trunk Motor Axons
ent in the caudal sclerotome (Davies et al., 1990; Krull etThe sites of HtkL and Lerk2 expression in vivo include
the caudal sclerotome, the dermatome, and early limb al., 1995; Hotary and Tosney, 1996). We have discovered
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that two Eph family transmembrane ligands, HtkL and
Lerk2, are expressed in somite regions avoided by mi-
gratory crest cells and motor axons, and that with minor
twists these expression patterns are evolutionarily con-
served. Using several independent functional assays,
we have demonstrated that both ligands exhibit repul-
sive guidance activities toward migrating neural crest
cells and growing motor axons, and that these repulsive
activities requirea discontinuous,not uniform, presenta-
tion of the ligands. Taken together, these results suggest
that HtkL and Lerk2 may play a key role in the early
segmental patterning of the PNS. Similar conclusions
have been reached in independent and complementary
in vivo studies (Krull et al., unpublished data; Smith et
al., unpublished data).
Conserved Somite Expression Patterns of
HtkL/Lerk2 in Rat and Chick Correlate
with Their Proposed Functional Roles
in Patterning the PNS
Migrating neural crest cells in the trunk use either of
two major pathways. Initially they migrate ventrally
through the rostral sclerotome, and later laterally along
a path between the dermatome and epidermis (Serbed-
zija et al., 1990; Erickson et al., 1992). Somite manipula-
tion experiments have shown that the ventral pathway
is determined by the intrinsic rostral±caudal polarity of
the somite (Teillet, et al., 1987; Bronner-Fraser and
Stern, 1991). We have shown that in rat embryos HtkL
and Lerk2 are expressed in the caudal sclerotome and
early dermatome, precisely the inhibitory regions sug-
gested to restrict early crest migration (as well as motor
axon outgrowth; see below). Moreover, the timing of
their expression is also appropriate for an inhibitory role
in restricting crest migration: the dermatome and the
caudal sclerotome expression of the two ligands pre-
cedes crest cell migration (Figure 2). In addition, the
expression level of these ligands in the dermatome is
much reduced in later stages, coincident with the onset
of crest migration dorsal to the dermatome (data not
shown).
Figure 6. HtkL-Fc and Lerk2-Fc Fusion Proteins Induce Growth- The somitic expression patterns of Eph transmem-
Cone Collapse of Rat Neural Tube Explant Axons brane ligands exhibit not only appropriate spatial and
(A) Overnight neural tube explants were incubated with various con- temporal characteristics in rat, but are also evolution-
centrations of clustered Lerk2- or HtkL-Fc proteins at 378C for 1 hr. arily conserved (Figure 8). In early chick embryos, the
The explants were then fixed and scored for the percentage of
ortholog of Lerk2, rather than that of HtkL, is restrictedcollapsed growth cones (as judged by the absence of well-spread
to the caudal half sclerotome and dermatome. Despitelamellipodia and filopodia at the axon termini. In contrast to control
this difference, chick-Lerk2 is expressed in places thatFc (open squares), Lerk2- (open diamonds) or HtkL-Fc (open circles)
induced a dose-dependent collapse response. The half maximal are inhibitory for neural crest migration and motor axon
dose is around 500ng/ml (5nM) for Lerk2-Fc, and 300ng/ml (3nM) outgrowth at the appropriate stage of development. The
for HtkL-Fc. Neither ligand can induce collapse of more than 80% fact that these ligands exhibit indistinguishable binding
of the growth cones in the 1 hr period tested, nor can both ligands
affinities and selectivities toward their cognate recep-combined (not shown). 100 random growth cones were counted per
tors (reviewed in Pandey et al., 1995a) suggests thatexperiment at each concentration point, and 3 experiments were
they may have been used interchangeably in evolution.performed for each ligand-Fc or Fc protein. Individual growth cones
extended from overnight neural tube explants were time-lapsed to Similarly, avian neural crest cells express Qek10 (Krull
observe their response to Lerk2-Fc (B), HtkL-Fc (not shown), or et al., 1997), the homolog of Sek4 in mammals, while
Fc (C). Lerk2-Fc or HtkL-Fc induced growth-cone collapse, usually rat neural crest cells express primarily Nuk; however,
within 30 min after reagent addition. Preclustered Fc or ligand-Fc Nuk and Sek4 exhibit indistinguishable binding affinities
proteins were added to the culture medium at 1 mg/ml. One growth
and specificities toward their ligand subgroup (Brambillacone was recordedat a time. The percentagesof collapses observed
et al., 1995; Gale et al., 1996a). The conserved expres-are given in text.
sion patterns of these ligands and their receptors in
avian and mammalian embryos strongly supports the
idea that they function in patterning the PNS in vivo.
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Figure 7. HtkL-Fc and Lerk2-Fc Fusion Proteins Inhibit Rat Motor Axon Outgrowth in a Stripe Assay
Neural tube explants were cultured on coverslips coated with ligand-Fc or Fc stripes in the presence of laminin.
(A±C) HtkL-Fc, Lerk2-Fc, or Fc, respectively, was present in alternating stripes (marked by ª1º) and visualized with alkaline phosphatase-
conjugated anti-Fc antibodies after fixation of the explants.
(D±F) HtkL-Fc, Lerk2-Fc, or Fc, respectively, was present in all stripes (marked by ª1º). The darker lanes in (D)±(F) were coated first and
visualized by anti-BSA antibodies (see Experimental Procedures). Motor axon outgrowth was guided to noncoated stripes by HtkL-Fc (A) or
Lerk2-Fc (B), but not by Fc (C). This guidance was not observed when either ligand was present in all stripes (D and E). At least 30 explants
were performed for each panel, and consistent axon outgrowth patterns were observed. Scale bar 5 100 mm.
Repulsive Guidance of Neural Crest has recently been shown to inhibit crest cell migration
in vitro (Ring et al., 1996). Other molecularly definedMigration by HtkL and Lerk2
A number of molecules have been identified as candi- candidates have been shown to exhibit restricted ex-
pression in caudal half somites, such as versican anddates for restricting pathways of neural crest migration
in vivo. PNA-binding glycoproteins present in caudal T-cadherin (Ranscht and Bronner-Fraser, 1991; Landolt
et al., 1995), but there are so far no functional datahalf somites have been shown to prevent migration of
neural crest cells into this compartment (Krull et al., supporting the idea that these proteins guide neural
crest migration.1995), but their molecular identity is not yet known. Simi-
larly, in the dorsolateral migration pathway, unidentified We have demonstrated repulsive guidance of migrat-
ing rat neural crest cells by HtkL or Lerk2 in two indepen-glycoconjugates have been implicated in transiently
preventing premature entry of neural crest cells into this dent functional assays. In the chemotaxis assay, pre-
clustered HtkL-Fc fusion proteins added in soluble formroute (Oakley et al., 1994). Collagen IX, a chondroitin
sulfate proteoglycan present in the caudal sclerotome, to the bottom wells of a Boyden-like chamber inhibited
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to function in vivo. This does not mean that other mole-
cules that act as inhibitors are unimportant in guiding
neural crest migration in vivo. Rather, both repulsive
and inhibitory activities of different molecules probably
contribute to excluding neural crest cells from the cau-
dal somite halves.
Prior functional analysis of GPI-linked Eph ligands in
the nervous system has focused on their activity as
repulsive axon guidance factors. Our data indicate that
transmembrane Eph ligands not only function similarly
to repel growing axons, but also can act as chemorepel-
lent molecules for migrating cells. In contrast, the GPI-
linked Eph family ligand B61 can act as a chemoattrac-
tant for endothelial cells in vitro (Pandey et al., 1995b).
Whether this indicates that GPI-linked and transmem-
brane Eph family ligands exert opposite influences on
cell migration, or that the nature of the influence is cell
context-dependent, awaits further investigation.Figure 8. Summary Diagram of HtkL and Lerk2 Expression in Devel-
oping Somites
A longitudinal schematic section of a single somite shows the rostral
Repulsive Guidance of Motor Axonand caudal halves of the sclerotome and the dermatome. Trunk
Outgrowth by HtkL and Lerk2neural crest cells and motor axons selectively migrate through the
rostral sclerotome. HtkL and Lerk2 are restricted to somite regions Recent studies have revealed that chemorepulsion is
avoided by crest cells and motor axons, and appear to be used an important mechanism of motor axon guidance (re-
interchangeably in ratand chick. In the rat, Lerk2 expression persists viewed in Schwab et al., 1993). For example, the floor
in the myotome (not illustrated).
plate has been shown to repel trunk motor axons that
grow ventrolaterally away from the ventral midline of the
spinal cord (Guthrie and Pini, 1995). In the cranial region,the transfilter migration of crest cells. In the stripe assay,
substrate-bound HtkL-Fc or Lerk2-Fc proteins caused floor plate±derived netrin-1 has been shown to repel
trochlear motor axons (Colamarino and Tessier-Lavigne,crest cells to preferentially migrate in the ligand-free
zones. Interestingly, when the ligands were presented 1995). Motor axon projections also avoid the caudal
half somites by contact-mediated inhibition (Oakley anduniformly (in every stripe, for example, or in both wells
of the chemotaxis chamber), little or no repulsive influ- Tosney, 1993; Hotary and Tosney, 1996). Recently,
T-cadherin and collagen IX (which are expressed in cau-ence on crest cell migration was observed. These data
suggest that the ligands can mediate a repulsive guid- dal half somites) were shown to inhibit motorneuron
neurite outgrowth in vitro (Fredette et al., 1996; Ringance or repellent function, and are not simply inhibitors
of cell migration or motility. A similar conclusion has et al., 1996). Our data identify HtkL as an additional
candidate for restricting motor axon outgrowth in vivo:been reached for GPI-linked ligands that mediate axon
guidance (Nakamoto et al., 1996). One explanation for it is expressed in caudal half somites, and exhibits both
repulsive guidance and growth-cone collapse activitiesthis phenomenon is that rapid desensitization occurs
when the cells are exposed to uniformly presented li- toward motor axons in vitro. Sensory axons also avoid
the caudal half somites, and PNA-binding glycoproteinsgands.
The action of Eph ligands in vitro appears to bedistinct of 48 and 55 Kd in extracts of caudal half somites have
been shown to collapse the growth cones of DRG axonsfrom that of other inhibitors of crest migration studied
previously that can exert their effect when applied uni- (Davies et al., 1990). We have not yet determined
whether HtkL or Lerk2 exhibit repulsive guidance activityformly to cells in the presence of permissive substrates
(Perris and Johansson, 1987). It is formally possible that toward sensory axons, in part because Nuk expression
appears transient during sensory axon outgrowth in theEph ligands might also exhibit such inhibitory effects if
tested with lower concentrations of permissive sub- somites (Henkemeyer et al., 1994). Nevertheless, it is
possible that c-HtkL/c-Lerk2 and the PNA-binding gly-strate. However, in vivo, migrating neural crest cells
are likely to encounter Eph ligands in the presence of coproteins are related, and this will become clear once
the latter are characterized.substantial amounts of permissive substrate. Moreover,
the requirement for a discontinuous distribution of HtkL Trunk motor axons are not only patterned metameri-
cally along the anterior±posterior axis, but are also re-and Lerk2 in vitro is also in good agreement with the
fact that HtkL/c-Lerk2 exhibits a sharp boundary of ex- stricted from growing dorsolaterally toward the derma-
tome. The recent finding that chick collapsin-1 ispression between caudal and rostral somite halves in
vivo. A discontinuous expression of HtkL is also seen expressed in early developing dermatome and is able
to collapse the growth cones of motor axons in vitroin hindbrain rhombomeres, where reciprocal expression
of HtkL and its cognate receptors may play a role in (Shepherd et al., 1996) supports the idea that the derma-
tome as well as the caudal sclerotome contains repul-restricting hindbrain cell mixing (Becker et al., 1994;
Bergemann et al., 1995; Xu et al., 1995). The repellent sive axon guidance molecules. The observation that
HtkL and Lerk2 are expressed in the dermatome sug-function that these ligands can exhibit in vitro therefore
seems well suited to the context in which they are likely gests that they may play a repulsive guidance role in
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this tissue as well. Thus, early trunk motor axons are Coordination among Functionally
Equivalent Eph Family Ligandslikely guided by multiple repulsive molecules acting in
several spatial dimensions. Together, signals in the floor HtkL and Lerk2, by virtue of their expression in different
regions of the somites, may act in concert to patternplate (such as netrin-1), caudal half somites (such as
HtkL, T-cadherin and collagen IX), and dermatome (in- neural crest cell migration and motor axon outgrowth
in the peripheral nervous system. Such a coordinatedcluding HtkL, Lerk2 and collapsin-1) may form a three-
dimensional repulsive matrix that determines the seg- action of functionally equivalent Eph ligands is also ob-
served for RAGS and ELF-1 in the retinotectal system,mented ventrolateral projection pattern of trunk motor
axons. where both ligands are expressed in the developing
tectum in a gradient fashion (Cheng et al., 1995;Eight Eph family ligands have thus far been identified
(Gale et al., 1996b). Our results extend the number of Drescher et al., 1995). Thus, in each system, the con-
struction of the temporally and spatially dynamic ex-these ligands with a demonstrable role in axon guidance
from two (Drescher et al., 1995; Nakamoto et al., 1996) pression pattern needed to guide cells or axons appears
to be distributed among functionally equivalent, inde-to four. They also demonstrate that transmembrane as
well as GPI-linked ligands can act as repulsive axon pendent gene products. Perhaps the evolutionary pro-
cess that leads to the acquisition of such complex ex-guidance cues. Furthermore, the observation that Eph
family ligands can guide motor axons as well as retinal pression patterns may be more easily achieved by
utilizing multiple, functionally interchangeable ligand-axons implies that these molecules play a diverse role
in axon guidance in both the central and peripheral ner- encoding genes, rather than by evolving complex spatial
and temporal regulatory mechanisms for a single gene.vous systems. In addition to their expression at initial
stages of motor axon outgrowth, HtkL and Lerk2 are In this respect, the large size of the Eph receptor and
ligand family seems to make them particularly suitableexpressed later in development in regions such as the
limb. This suggests that these ligands may function in for achieving the complex signaling patterns necessary
to organize the developing nervous system.maintaining as well as initiating restricted patterns of
motor axon growth. It further raises the possibility that
potential antagonists of such inhibitory ligands might Experimental Procedures
be useful in promoting nerve regeneration, as has been
shown for a myelin-associated inhibitor of axon growth Production of Fc and Ligand-Fc Fusion Proteins
Human IgG1-Fc expression plasmid (Aruffo et al., 1990) was used(Bregman et al., 1995).
to produce soluble Fc proteins. The entire extracellular regions of
Lerk2 and HtkL were fused in frame with the first amino acid of the
human IgG1-Fc hinge region in pCEP4 expression vector (In-Function of HtkL and Lerk2 in PNS
vitrogen). Expression plasmid DNA was transiently transfected intoPatterning In Vivo human 293 cells using the calcium phosphate precipitation method.
The spatio-temporally appropriate and evolutionarily Serum-free conditioned medium was then collected for 5 days,
conserved expression patterns of HtkL and Lerk2, taken passed through a 0.22 mm filter, and either stored at 48C, or the Fc
or ligand-Fc fusion proteins were purified over protein-A columnstogether with their in vitro activities, provide circumstan-
(Pierce). The concentration of purified Fc or ligand-Fc fusion pro-tial evidence that these ligands are involved in patterning
teins was determined using MicroBCA protein assay reagentsthe developing PNS in vivo. In a direct test of this idea,
(Pierce), and their purity assessed by Coomassie Blue staining of
we performed a preliminary examination of neural crest SDS gels. Recombinant Lerk2- and HtkL-Fc are disulfide-linked di-
cell migration and early motor axon outgrowth patterns mers of MW ca. 100 Kd.
in mouse embryos carrying homozygous mutations in
two receptors for these ligands, Nuk and Sek-4 (kindly
Gene-Specific RT-PCR for Eph-Related Receptors
provided by T. Pawson and R. Klein). No obvious pertur- RNA was isolated from one-day explants of E10.5 rat neural crest
bations were observed (data not shown). One explana- cells (Stemple and Anderson, 1992) using a Rneasy Total RNA kit
(Qiagen). About 1 mg of total RNA was reverse transcribed withtion for this lack of a clear mutant phenotype is that
Superscript Preamplification System (GIBCO) for first-strand cDNAother Ephreceptors are expressed in crest cellsor motor
synthesis. For the semiquantitative RT-PCR experiment (Figures 1Cneurons that are capable of interacting with HtkL and
and 1D), Eph-related receptor genes and b-actin were amplifiedLerk2, such as Myk-1, Elk, and Sek-1. All of these can
from equal amounts of neural crest cDNA at 608C for 28 cycles in
be activated by transmembrane Eph ligands (Gale et al, a 50 ml volume. With the same sets of receptor primers, 1 ng of
1996a), and Myk-1 and Sek-1 are detectably expressed DNA for each receptor-containing plasmid was amplified at 608C
for 21 cycles in a 50 ml volume. The entire products of each reactionin crest cells (albeit at levels lower than Nuk [Figure 1]).
were fractionated by electrophoresis.Since the somite expression patterns of HtkL and Lerk2
The PCR primers for Eph-related receptors are: GGT GAG GTCappear nonoverlapping, ligand knockouts may be more
TGC AGT GGC CAT TTG (59) and AGA CTG GAT CTG GTT CAT CTGlikely to reveal a function for this signaling system invivo.
GGC (39) for Nuk, TTT ACC TAT GAG GAT CCC AAT GAG (59) and
Consistent with this idea, application of unclustered Elk- CTG GAT ACT GCA GAG GAT CTT CTT (39) for Sek-4, GAT CCT
L/Lerk-2-Fc as a competitive antagonist of endogenous TTT ACT TAC GAA GAC CCT (59) and GGC TCC TGG CTT AGC TTC
CCA CTT (39) for Myk-1, GCC AAA GAA ATC GAT GCA TCC TGCligands disrupted the metameric pattern of neural crest
(59) and GAC GCT GCT CAA AAT CTT ATT CTG (39) for Sek-1, andmigration in whole trunk explants from avian embryos
AAT GAA GCT GTC CGG GAG TTT GCC (59) and CTC AGG AGG(Krull et al., 1997). These in vivo perturbation experi-
TCT TCT GAT GTC ATC (39) for Elk. The b-actin primers are CACments complement our in vitro studies and suggest that
ACI TTC TAC AAT GAG CTG CGT (59) and GGT IAG GAT CTT CAT
Eph family ligands that are sufficient to mediate guid- GAG GTA GTC (39). To construct plasmids (pBluescript-KS) con-
ance activities in vitro are also involved in restricting taining specific receptors, Nuk, Sek-4, Sek-1,and Myk-1 were ampli-
fied from neural crest cDNA, and Elk from P1 rat brain.crest cell migration in vivo.
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Whole-Mount In Situ Hybridization was fixed in methanol and stained with hematoxylin, the number of
cells that migrated to the bottom side was determined by countingand Immunohistochemistry
Whole-mount in situ hybridization followed a protocol by Wilkinson in a 2003 microscopic field.
(1992). HNK-1 and TUJ1 whole-mount immunohistochemistry on
chick embryos was performed following a protocol by Ohta et al. Explant Cultures for Axon Outgrowth and Ligand Assays
(1996). The stained embryos were sectioned on a cryostat after Small pieces of trunk neural tube (about 0.5 mm in length) were
freezing in 15% sucrose plus 7.5% gelatin. Photo negatives were prepared from E10.5 rat embryos using the method described for
scanned using a Polaroid SprintScan-35 into the Adobe Photoshop neural crest explant culture (Stemple and Anderson, 1992). Culture
program, where figure composites were made. In situ probes for dishes were first coated with poly-lysine (Stemple and Anderson,
Lerk2 and HtkL are full-length coding sequences. The erbB3 (Gene- 1992), then with 5 mg/ml laminin in L15-Air (GIBCO) for 1 hr at 378C.
bank U29339) probes were amplified with TGC AGC TTG TTA CTC Neural tube explants were cultured in defined crest culture medium
AGT ACT TGC (59) and GGC TCC TAC ACA CTG ACA CTT TCT (Stemple and Anderson, 1992). For axon staining, the explants were
(39). Nuk probes were amplified with oligos described above. The either incubated with Fc- or ligand-Fc±conditioned media as de-
fragments of chick Lerk2 (678 bp) and HtkL (648 bp) (also used scribed above for the neural crest cells, or with c-ret antibodies (Lo
for the Figure 3 alignment) were cloned with degenerate oligos: and Anderson, 1995). Stripe assay preparation was as described
TTC/T ACI ATI AAA/G TTT/C CAA/G GA (59), and TC/TA IAC T/CTT above, except that laminin (100 mg/ml for the first stripe and 50 mg/
G/ATA G/ATA IAT G/ATT (39). ml for the second) was used as substrate instead of fibronectin, and
poly-lysine was omitted. The extent of ligand-dependent avoidance
Neural Crest Explant Cultures and Ligand Assays was lower (although still detectable) if the ligand-Fc fusions were
E10.5 rat trunk neural tubes were isolated and cultured in complete coated in the presence of poly-lysine plus laminin, reflecting the
crest media as previously described (Stemple and Anderson, 1992). stronger neurite outgrowth±promoting activity of this combined per-
For Eph-related receptor detection, one-day explants were incu- missive substrate. Neural tube explants were cultured overnight for
bated with Fc or ligand-Fc conditioned media (harvested from axon outgrowth, fixed, and developed to visualize the first stripes
transfected 293 cells) for 1 hr at room temperature, fixed, then incu- as described above.
bated with biotin-conjugated goat anti-human IgG-Fc secondary Overnight neural tube explants were assayed for growth-cone
antibodies (Jackson), and detected with the ABC-HRP system collapse responses. To induce Fc or ligand-Fc clustering prior to
(Vector). collapse assays, 5 mg/ml purified Fc or ligand-Fc fusion proteins
15 mm-round Thermanox tissue culture coverslips (Nunc) were was first incubated with 50 mg/ml polyclonal goat anti-hIgG-Fc anti-
used for protein coating in the stripe assay with special silicone bodies for 1 hr at R. T. in defined crest culture medium, then added
matrices kindly provided by Dr. F. Bonhoeffer (Max-Planck Institute, to neural tube explant cultures at various concentrations. After a 1
TuÈ bingen, Germany). The cover slips were first coated with nitrocel- hr incubation with Fc or ligand-Fc reagents at 378C , the explants
lulose dissolved in methanol as previously described (Lemmon et were fixed in 4% paraformaldehyde for 1 hr at R. T., and the number
al., 1989). Stripes were prepared according to the procedure of of spread or collapsed growth cones was counted. Time-lapse re-
Vielmetter et al. (1990). Briefly, for the first stripes, a mixture of 200 cording was performed using a charge-coupled device (CCD) cam-
mg/ml fibronectin (Biomedical Technology) and 100 mg/ml goat anti- era and the Metamorph program. Photographic image contrast was
Fc antibodies were injected into the open channels of the matrix enhanced using the Adobe Photoshop program.
placed onto the coverslip. After a 1 hr incubation at 378C, unbound
proteins were removed by washing twice with PBS. A blocking solu- Acknowledgments
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Eph-related receptors and ligands confer rostrocaudal pattern to
trunk neural crest migration.
Smith, A., Robinson, V., Patel, K., and Wilkinson, D.G. Eph-related
receptor tyrosine kinases Sek-1 and Elk and the ligand Htl-L regulate
the targeted migration of branchial neural crest cells.
